The objective of this work is to perform a feasibility study on the steering effect of a weakly ionized transient plasma on the corner separation zone of a compression surface with a hypersonic boundary layer. The optical measurements, using a high-speed Shack-Hartmann sensor, have been successfully performed to quantify a characteristic frequency of flow perturbations at different locations in the flowfield and the plasma impact on the spectra of disturbances in the boundary layer and in the separation bubble. It was shown that the nearsurface plasma generation at a frequency of repetition higher than a dominant natural frequency of perturbations in the boundary layer (the first mode F1), f =100 kHz > F165 kHz, lead to a significant intensification of the amplitude of the high-frequency disturbances in the range of ⁄ = − . The plasma effect was negligible or insignificant at excitation frequencies, = , below F1.
I. Introduction
Intensive studies of the physical processes of hypersonic boundary-layer tripping have been motivated by the needs of scramjet systems for air-breathing vehicles. For airframe-integrated scramjet engines, the forebody ahead of the inlet is designed to process and pre-condition the flow that will be ingested by the air inlet. Turbulent flow is desirable at the entrance to the inlet to mitigate flow separations on compression ramps and prevent air inlet unstarts [1] [2] . However, natural transition typically does not occur on small-scale systems flying at high altitude (low Re number), thereby requiring boundary layer trip devices to ensure a turbulent boundary layer at the inlet. This issue motivated development of various boundary layer trip methods to promote turbulent flow in order to properly scale the engine flight test results to future full-scale vehicles. It was suggested that the most effective tripping mechanism requires the formation of streamwise vorticity within the boundary layer [3] [4] [5] [6] . Typically, obstacles, moving elements, or non-steady gas jets are used to promote transition on the forebody. Recently, a thermal type of BL management was considered to be feasible [7] .
The non-thermal trips previously mentioned produce stationary forcing of the boundary-layer flow. They enhance and/or trigger instability mechanisms. However, they do not generate unstable disturbances. The latter are produced by the freestream noise or the incoming boundary layer. It is reasonable to assume that unsteady forcing, which generates disturbances of required length-scale and frequency, may be much more effective. Such an unsteady forcing can be produced by synthetic jets and/or plasma actuators.
The primary mechanisms of plasma flow control include thermal (heating of the gas), electro-hydro-dynamic (EHD), and magneto-hydro-dynamic (MHD) interactions. EHD and MHD interactions induce bulk fluid motions via collisional momentum transfer from charged species accelerated in the plasma by Coulomb and Lorentz forces, respectively. Heating of the flow is produced by Joule heating in an electric discharge plasma and in the plasma generated by laser breakdown.
Plasmas generated for flow actuation have been extensively studied over the last decade [8-13, and references therein]. Most of the existing research is related to Surface Dielectric Barrier Discharge (SDBD) plasma actuators that are typically driven by AC waveforms or by repetitive nanosecond duration pulses, with frequencies / pulse repetition rates ranging from a few kHz to a few tens of kHz. Determining whether the SDBD-actuator effect on the flow under compressible conditions is caused by an EHD body force or by localized Joule heating remains an open question. In the case of fast Joule heating on the order of a nanosecond time scale the generation of a compression wave was detected. In spite of these detailed studies, it was not directly evident that compression waves generated by heating on a sub-acoustic time scale are indeed the dominant factor in the boundary layer tripping or generation of the coherent flow structures. Another issue is a low level of power deposition for the SDBD-based system that makes it unlikely to be used in a high-speed environment. The fundamental limitation on the use of EHD flow control is the necessity to generate a significant ion density in the space charge region of the electric discharge (i.e. cathode sheath of the glow discharge). Thus the use of EHD for high-speed flow control (with flow velocities of a few hundred m/s) does not appear feasible.
Similarly, for the MHD flow control the fundamental limitation is the requirement to sustain significant flow conductivity, except for high-temperature hypersonic reentry flows. For example, in a hypersonic flow with a velocity of U ∞~1 000 m/s and conductivity of σ~1.0 mho/m, the MHD effect can be significant only at very low densities, ρ ~ 10 -3 kg/cm 3 (p ~ 1 mBar). Finally, sustaining higher conductivity using non-equilibrium plasmas is limited by ionization instabilities and requires a prohibitively-high plasma power budget.
Another group of plasma-related studies is focused on high-speed applications [14] [15] [16] [17] [18] [19] [20] . Various methods of plasma generation, including DC, AC, RF, microwave, arc, corona, and spark electric discharges, as well as laserinduced breakdown, have been used to modify both subsonic and supersonic flow fields. Engineering applications of plasma actuators mainly focus on viscous drag reduction and the control of the boundary layer separation in low-speed flows, dynamic stall control, boundary-layer transition control as well as shock wave modification and wave drag reduction in supersonic and hypersonic flows. Previous research on purely thermal flow control includes energy addition using bulk heating of the flow by plasma. However, bulk heating of the flow in a high-speed flow field requires a very high plasma power budget (comparable with the flow enthalpy).
It is well known that intense, localized, rapid heating produced by plasmas in high-current pulsed electric discharges (similar to pulsed optical discharges) may produce strong shock waves, which can considerably modify supersonic flows over blunt bodies. The energy transfer from the electric field to the electrons is almost instantaneous while the transfer of energy from the electrons to the gas molecules goes through a series of processes: vibrational excitation, dissociation, and ionization followed by relaxation. The relaxation and recombination times are slow compared to the gas dynamic time of hypersonic flows. Basically, rapid near-adiabatic heating results in an abrupt pressure jump in the current filament. This suggests that rapidly heated regions located near aerodynamic surfaces could be used to force various instabilities in shear layers and jets. The key benefit of localized plasma actuators, compared to mechanical and acoustic actuators, is that they uniquely combine a wide range of operation frequencies with large forcing amplitude. Multiple plasma actuators can be independently controlled by varying the repetition rate, duty cycle, and the phase, making it possible to trigger and amplify specific flow instabilities. As a result, significant flow field changes can be produced at a relatively small energy cost to operate plasma actuators.
The objective of this work is to perform a feasibility study on the steering effect of a weakly ionized transient plasma on the corner separation zone on a compression surface of a hypersonic boundary layer. Specific tasks of current experiments included:
-Design of the plasma generator feasible to produce a pointwise, near-surface plasma at frequencies of 100-200 kHz in low pressure, high-speed flow; -experimental study of the structure and dynamics of the gas pressure/density disturbances produced by the generation of transient plasma;
-experimental demonstration of the BL receptivity to plasma-based gas perturbations in hypersonic flow.
II. Experimental Facility Description
The diagram of the test arrangement is shown in Fig. 1 . The experiments were performed in the high-enthalpy facility ACT-1 at the University of Notre Dame under the following test parameters: Mach number The ramp angle could be varied in a range  = 15 − 25 to possess a flow pattern with or without the corner separation zone. In the current test the  = 20 plate was applied. Photos of the experimental model are shown in Fig.   2 . The test duration was < 1 including the arc operation (in the hot regime) for 0.3 and the plasma operation for 0.1 within the flow. All experimental data has been recorded with a baseline flow, with the plasma switched on, and after the plasma was switched off (baseline flow). This sequence allows verifying that there is no change of flow parameters during the operation.
Instrumentation and data includes: flow perturbation measurements made by a high-speed wavefront sensor (see below); schlieren visualization; fast cam imaging; and electrical measurements of the discharge parameters. Based on data in [21] , the dominant instability on this model for these conditions is expected to be first-mode waves with a peak frequency of 77 . Three test series were performed: -test 1: single plasma pulse generation in a stagnant air; -test 2: single plasma pulse in flow; -test 3: pulse periodic operation of plasma in the flow.
III. Approach for Plasma Actuator Design.
Existing data [21] [22] suggests that the most effective frequency of artificial disturbances for tripping the boundary layer at = 5 is = 100 − 200
. For a proper optimization of the system the frequency of plasma operation has to be adjustable over a wide range. Taking into account the data on passive tripping, the geometry of the plasma array may be specified as follows: one line in the spanwise direction with the distance between the individual electrode systems of = 5 − 25
. The averaged electrical power of each actuator should be in the range of = 100 − 500 based on the local instant gas temperature elevation   10 2 − 10 3 . The duration of each plasma pulse should be  < 5 µ to produce the pointwise disturbances.
Note that a low level of gas density in a hypersonic boundary layer flow may cause a serious problem. It is well known that an electrical discharge changes its properties dramatically inlow gas densities, striving to become a glow discharge where the power density becomes too low for the fast heating. Preliminary tests and previous literature indicate that it is possible to generate filamentary plasma at the molecular concentration of > 2 × 10 17 3 using a simple two-electrode scheme. For lower concentrations, a more complex design of the discharge system is required and, to the authors' knowledge, there are no open publications related to this subject. A proper configuration should be designed in accordance with the following criteria:
 Adequate plasma localization  High enough instant power release  Presence of shock disturbances  Sufficiently high frequency of repetition  Analysis of possible penalties The scheme presented in Fig. 3 has been reffered to as a shallow cavity discharge, or "SCD". The SCD actuator is flush mounted, with a size of a few millimeters and can be installed on the metallic surface of the model. It can be characterized by a proper discharge geometry, reasonably low applied voltage, and a high enough level of the disturbances excited. Typical records of the electric parameters in M=4.5 flow are shown in Fig. 4 for two frequencies of repetition: 10 kHz and 50 kHz. The pulse energy and average power were calculated based on this data. The discharge parameters are as follows:
Frequency of repetitions single pulse (tests 1 and 2); and f = 10 -100 kHz (test 3) Pulse duration t = 3 µs Voltage U < 2 kV Pulse energy E = 1.2-1.7 mJ /unit Average power W av < 500W The high-speed camera observation shows that the discharge can operate in two different modes: plasma mini-jets; and a plane-wise pattern, as they are presented in Fig. 5 . At = 50 − 100 the discharge works in the first mode: push-pull plasma mini-jet. This mode was typically realized in this test. The second operation mode is considered as a cathode sheath pattern, where a rather thin layer of plasma covers most of the model surface. The cathode sheath is the place where a major part of the electric power is released [23] . Some features are not clear at the moment. This mode needs to be studied additionally to figure out a non-uniform pattern of the power release. A benefit of this mode could be in that the plasma localizes in the boundary layer.
IV. Aero-Optical Measurements
Aero-optical diagnostic measurements were performed using a high-speed Shack-Hartmann Wavefront Sensor [24] ; a schematic of the experimental setup is shown in Fig. 6 . The laser beam was expanded to a 50mm diameter collimated beam and passed along the spanwise direction over the corner region of the model mounted in the test section. The spanwise beam propagation was chosen for two reasons. First, the flow is expected to be primarily spanwise-uniform. Second, as the beam traverses the 4 inch long region of the flow aero-optical distortions become stronger, improving the signal-to-noise ratio [25] . After exiting the test section, the beam is reflected off the return mirror, which sends the beam along exactly the same path from which it came. This so-called double-path setup further amplifies the aero-optical signal by a factor of two, as the beam traverses through the flow of interest twice, and also simplifies the optical setup. The returning beam is split off using a cube beam splitter, sent though a contracting telescope which reduces the beam size to 12mm in diameter and goes into a high-speed digital camera, Phantom v1610. The camera had a 38 mm focal length, 70 x 60 lenslet, 0.3 mm pitch array attached to it. After passing through the lenslet array, the beam was split into subaperture beams and focused on the camera sensor, creating a series of dots. To achieve the high sampling rate, only a small, 128x64-pixel portion of the image, shown in Fig. 7 , was sampled at 531,645 Hz for 4 seconds. This image size corresponds to a 15x7 mm measurement region over the model, with 1.2 mm spacing between dots. A temporal displacement of each dot is proportional to the resulted deflection angle over a subaperture; the deflection angle is in turn a local gradient of Optical Path Difference or OPD. As OPD is proportional to the spanwiseintegrated density field, ( , , ) = ∫ ′ ( , , , ) [26] , where K GD is the Gladstone-Dale constant, time series of the deflection angle carry information about the temporal evolution of the density field over a subaperture. It is important to note that aero-optical measurements are non-intrusive by nature, sensitive to the density field only, and limited in temporal resolution only by the digital camera technology.
The same optical setup was also used to collect high-speed shadowgraph movies. To do this, the lenslet array was removed and distorted intensity patterns were recorded at the same sampling speed over the same 64x128 area. The representative shadowgraph image with overlaid dot pattern is shown in Fig. 7 . Several flow regions, indicated by yellow circles in Fig. 7 , were selected to investigate the temporal dynamics and the sensitivity to the plasma generators: point BL2 is inside the separated bubble, A2 and A3 correspond to the unsteady shock over the separation bubble, and A4 is in the outside portion of the flow downstream of the plasma generators. In-house software was used to extract the temporal motion of the dots and to convert this into a time series of the deflection angles. 
V. Tests Results
Test 1 consisted of a visualization of gas disturbances appearing at the SCD generation in stagnant (no flow) air at atmospheric pressure and at decreased pressure equal to that in high-speed flow, = 4 − 10
. The shock wave travelling outward from the model surface and a thermal distortion are observed as a result of plasma generation as it is shown in Fig. 8 . It demonstrates a pointwise excitation of the gas distortion due to the SCD operation. Shock wave front (due to plasma) is indicated by green arrows. Position of separation zone related shock wave (red dashed arrow) is affected by plasma distortion: being pushed down then return back. During Test 2 the plasma effect and its resulting generation of an outgoing shock wave and a thermal bubble travelling along the top surface of the model were studied, as shown in the schlieren images in Fig. 9 . Finally the plasma-based perturbation delivers the extra momentum to the BL that may lead to an earlier laminar-turbulent transition and to prevent a separation on the compression ramp. Those two tests deliver the data to formulate intermediate conclusions: (1) even a single pulse affects the flow structure; and (2) optical methods are appropriate for diagnostics of weak flow disturbances, which are typical for this study.
Test 3 was dedicated to the study of a pulse-repetitive plasma effect on the spectrum of flow perturbations. The aero-optical technique with the high-speed wavefront sensor has been applied to acquire the data. After a series of preliminary measurements it was found that the plasma generation affects the spectrum only slightly if the repetition frequency is less than the dominant frequency of the first-mode instability, 1 = 60 − 80
. For a plasma frequency greater than F 1 , the plasma effect is significant. Figures 10a and 10b show data for plasma actuation frequencies of 50 and 100 , respectively. Every test's measurements included 0.1 of spectrum analysis prior to plasma actuation, 0.1 with plasma operation, and 0.1 after the plasma has turned off (to ensure there was no shift of flow parameters during operation). At = 50 , the plasma effect is really small in most areas (Fig. 10a) . Some effect is visible in the shear layer (point A3, see Fig. 7 for a reference) . Amplitudes of high-frequency disturbances (> 80 ) appear to increase. At the plasma repetition frequency = 100
( Fig. 10b and 10c) , the plasma effects were observed at all points except A4, the "free stream" conditions.
The wavefront sensor measures both, X and Y, components of the wavefront gradient or, equivalently, the deflection angle. This is in constrast to the Schlieren technique, where wavefront changes along only one fixed direction are measured. In isotropic flows both components are typically of the same magnitude, while for the current flow of interest the wall-normal, Y-component of the deflection angle is expected to be larger, compared to the streamwise, X-component, due to higher density gradients in the wall-normal direction. The comparison of Fig.10b and Fig.10c shows a significantly higher values of the flow disturbances measured in the wall-normal Y-direction vs ones in the longitudinal X-direction. The effect of the plasma generation, reflected in the increasing of a spectral density of flow disturbances, has a bigger magnitude as well (note, the Y-scale is logarithmic). ; Y-component, plasma excitation = 100 . (Fig.7 for reference) Fig. 11 . Spectra of flow disturbances on the ramp, point R4 ( Fig.7 for reference) .
Amongst the points observed in this test the maximal effect of the plasma was detected for the flow on the ramp, point R4 in Fig. 7 , close to a root part of the ramp-related shock, as it is shown in Fig. 11 . It results in an amplification of the amplitude of gas perturbations, / 0 = 2 − 8, in a wide range of spectra including highfrequency oscillations > 100 .
VI. Summary
The current results of the study of a transient electrical discharge application for the control of the boundary layer transition in high-speed flow are summarized below.
1. Analysis of the plasma-based boundary layer transition control at high-speed external flow shows a range of parameters, where artificial disturbances generated by electrical discharge may provoke the transition. Basic consideration includes the periodic arrangement of the multi-element plasma array on the model surface. The frequency of disturbances has to be adjusted to the flow velocity.
2. One of the most important problems appears in the generation of a contracted plasma within a low density gas, which is typical for a hypersonic boundary layer. The shallow cavity discharge (SCD) was shown to be quite appropriate with the objective of the work.
3. The draft design of the plasma-based actuator for high-speed transition control is proposed. It consists of a 1D array of SCD plasma elements and a power supply with individual control of each discharge cell. In addition to the scientific results obtained, the third test series was performed to check the operational limits of the electrode system and prove the feasibility of power supply operation at high repetition frequencies. This was successful in proving the operational capabilities of the setup used for frequencies up to 100 . 4. Tests demonstrate: -the receptivity of hypersonic BLs to highly transient plasmas; -the feasibility of hypersonic BL active tripping by electric discharges with a frequency of oscillations > 1 ; -a high potential of aero-optical techniques to perform non-intrusive, high-frequency (up to 1 MHz), spatiallyresolved measurements of flow structure and dynamics.
